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Abstract—High resolution peripheral quantitative computed
tomography (HR-pQCT) is a promising method for detailed
in vivo 3D characterization of the densitometric, geometric,
and microstructural features of human bone. Currently, a
hybrid densitometric, direct, and plate model-based calcula-
tion is used to quantify trabecular microstructure. In the
present study, this legacy methodology is compared to direct
methods derived from a new local thresholding scheme
independent of densitometric and model assumptions.

Human femoral trabecular bone samples were acquired
from patients undergoing hip replacement surgery. HR-
pQCT (82 lm isotropic voxels) and micro-tomography
(16 lm isotropic voxels) images were acquired. HR-pQCT
images were segmented and analyzed in three ways: (1) using
the hybrid method provided by the manufacturer based on a
fixed global threshold, (2) using direct 3D methods based on
the fixed global threshold segmentation, and (3) using direct
3D methods based on a novel local threshold scheme. The
results were compared against standard direct 3D indices
from lCT analysis.

Standard trabecular parameters determined by HR-pQCT
correlated strongly to lCT. BV/TV and Tb.Th were signif-
icantly underestimated by the hybrid method and signifi-
cantly overestimated by direct methods based on the global
threshold segmentation while the local method yielded
optimal intermediate results. The direct-local method also
performed favorably for Tb.N (R2 = 0.85 vs. R2 = 0.70 for
direct-global method) and Tb.Sp (R2 = 0.93 vs. R2 = 0.85
for the hybrid method and R2 = 0.87 for the direct-global
method).

These results indicate that direct methods, with the aid of
advanced segmentation techniques, may yield equivalent or
improved accuracy for quantification of trabecular bone
microstructure without relying on densitometric or model
assumptions.
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INTRODUCTION

Micro-computed tomography (lCT) has become an
important tool for investigating a wide range of aspects
related to the biology of bone and other calcified tis-
sues.8,19,27 Characterization of the microstructural
properties of trabecular bone has received considerable
attention as an important aspect of bone quality. Until
recently, true 3D assessment of trabecular bone
microstructure has been limited to in vitro measure-
ments in desktop micro-tomography systems.4,6

High resolution peripheral quantitative computed
tomography (HR-pQCT) is a promising non-invasive
method for in vivo 3D characterization of bone in
humans. Similar to traditional quantitative computed
tomography (QCT), HR-pQCT provides the ability to
quantitatively assess volumetric bone mineral density
(vBMD) in a compartmental fashion. Additionally, it
permits quantification of the geometric, microstruc-
tural, and mechanical features of human cortical and
trabecular bone in the appendicular skeleton (distal
radius and tibia).2,11,18 The potential for longitudinal
in vivo assessment of bone quality with respect to
therapeutic efficacy is of particular interest. The most
recent generation of this device is capable of an iso-
tropic nominal resolution of 82 lm. This raises the
possibility for direct assessment of trabecular bone
volume (BV/TV), dimensions (Tb.N, Tb.Th, and
Tb.Sp) as well as non-metric descriptors of bone
architecture such as structure model index (SMI), de-
gree of anisotropy (DA), and connectivity density
(ConnD) which are derived from standard methods
used with traditional micro-tomographic evaluations.8

The current clinical analysis protocol for assessing
trabecular microstructure is based on a hybrid densi-
tometric, direct, and plate-model calculation adapted
from the methods used in a previous generation of this
device.16 In this scenario, bone volume fraction (BV/
TV) is derived densitometrically from the apparent
trabecular bone density and an assumed compact bone
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density of 1200 mg HA/cm3. A fixed, global threshold
is applied to extract the trabecular structure for direct
measurement of trabecular number, while Tb.Th and
Tb.Sp are derived using plate-model assumptions.16

The validity and robustness of such assumptions has
not been evaluated with respect to real inter-subject or
longitudinal effects. Specifically, the assumption of a
fixed density for compact bone may be problematic in
the context of longitudinal assessment of bone struc-
ture where the matrix mineral density is affected. Anti-
catabolic agents have been shown to increase matrix
mineralization in human iliac crest bone by as much as
11.6%.1 This would be expected to introduce a sys-
tematic bias in the BV/TV measure, and in turn the
derived trabecular indices. Furthermore, because the
size of a human trabecula from the radius or tibia is
approximately equivalent to 1 or 2 voxels (82 lm),
significant partial volume effects make selection of a
global threshold challenging. Matrix mineralization
effects, which directly affect the image intensity for
bone components, further confound this process. For
these reasons, a global, fixed threshold may not be the
ideal method for extraction of the trabecular structure.

While the resolution of HR-pQCT is not sufficient
to accurately depict trabecular dimensions at the level
of individual trabeculae, we hypothesize that mean
apparent measures, based on a local probabilistic
structure extraction method, can be accurately deter-
mined in resolution-limited modalities. The goal of the
present study was to develop a local structure extrac-
tion method for HR-pQCT that (a) is independent of

mineralization and model assumptions and (b) allows
accurate and direct assessment of mean trabecular
structure indices. The presented method was evaluated
against the standard clinical structure extraction and
hybrid analysis methods in cadaveric trabecular bone
using 16 lm micro-tomography as a gold standard.

MATERIALS AND METHODS

Local Threshold Algorithm

A schematic representation of the threshold algo-
rithm is presented in Fig. 1. The algorithm was adap-
ted, in part, from the method presented by Waarsing
et al. which was developed for small animal in vivo
micro-tomography.29 Three orthogonal 3D Sobel
operators (3 · 3 · 3) are applied to the input image to
compute the intensity gradient magnitude and direc-
tion. A non-maximal suppression (NMS) process is
then performed on the gradient map to delineate po-
tential edge voxels from background voxels and inte-
rior bone voxels: voxels that are not local maxima
(using a 3 · 3 · 3 neighborhood) along the gradient
direction are set to zero. Next, a discrete edge map is
generated by applying a hysteresis threshold algorithm
to the remaining edge candidate voxels (henceforth
referred to as the non-maximal suppressed gradient
map).3 In the hysteresis approach, voxels with gradient
magnitudes above a defined cutoff (Thigh) are consid-
ered true edges. These ‘‘strong’’ edge voxels are then
used as seeds to trace the object edge and identify

FIGURE 1. Schematic for 3D Sobel-based local threshold algorithm with edge inclusion criteria.

Trabecular Bone Segmentation for HR-pQCT 1679



connected ‘‘weak’’ edge components according to a
second lower gradient magnitude threshold (Tlow).

The original grayscale intensities at the newly lo-
cated edge are then taken as the local threshold criteria
for their respective neighborhood. An image-wide local
threshold map is determined by an iterative grayscale
dilation of these edge intensities. For each dilation
iteration border voxels are assigned the Gaussian
weighted average of their edge neighbors (3 · 3 · 3
neighborhood). The resulting image represents a pre-
liminary, voxel-specific local threshold criteria. A
simple greater than (>) operator is then applied to the
attenuation map and local threshold map to delineate
object (bone) and background (marrow).

By use of a > operator, the edge voxels are, by
definition, excluded from the extracted structure. As an
additional step, an edge inclusion criterion was devel-
oped to selectively include or exclude edge voxels.
Specifically, an edge voxel was included in the final
extracted structure based on its similarity to neighbor
voxels along the direction of the intensity gradient:
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where Bv is the binary inclusion result for the voxel v,
Iv is the original intensity at voxel v, Iv

+ is the intensity
of the neighbor voxel in the positive gradient direction,
and Iv

- is the intensity of the neighbor voxel in the
negative gradient direction. Effectively, if the absolute
intensity of each edge voxel is closer in magnitude to its
bone voxel neighbor along the gradient direction, the
edge voxel is determined to be bone. In contrast, if the
edge voxel intensity is closer in magnitude to its
background voxel neighbor along the gradient direc-
tion, the edge voxel is determined to be background.
Algorithmically, this was accomplished by encoding Bv

(determined at the non-maximal suppression step) into
the integer signage for each voxel (which is mathe-
matically disregarded for all subsequent image pro-
cessing steps). A positive value was used to denote
inclusion, while a negative value denoted exclusion. By
this process, edge voxels could be categorized as object
or background in the final segmentation.

Sample Validation

To evaluate the performance of the threshold
scheme presented above, validation experiments using
a micro-tomography gold standard were performed in
cadaveric bone tissue. Three femoral head specimens
were acquired from patients with degenerative joint
disease, undergoing total hip replacement surgery. A

total of 11 trabecular bone cores, measuring 8 mm in
diameter and approximately 10 mm in length, were
extracted from the superior and inferior aspects of the
femoral head. Subchondral bone, immediately adja-
cent to the diseased articular surface, was excluded.
The bone marrow was removed using cycled treatment
with a mild bio-detergent (Terg-A-Zyme, Alconox Inc)
in sonicated water bath. The samples were then
embedded in polymethyl methacrylate (PMMA) prior
to imaging.

High Resolution Peripheral Quantitative Computed
Tomography

All femoral core samples were first imaged in a
clinical HR-pQCT system (XtremeCT, Scanco Medical
AG, Bassersdorf, Switzerland) using the standard in -
vivo protocol described in previous patient studies.2,11

In short, the X-ray source potential was 60 kVp with a
current of 900 lA. A 2D 3072 · 256 element CCD
detector was used to acquire 750 projections at a
100 ms integration time per rotation. The 12.6 mm
field of view (FOV) was reconstructed across a
1536 · 1536 matrix, yielding 82 lm voxels. The full
length of each core was covered by the automatic
acquisition of two adjacent image stacks, spanning
9.05 mm each. Total scan time was 5.6 min. The
reconstructed linear attenuation values were calibrated
to hydroxyapatite (HA) mineral densities based on a
separate measurement of a phantom comprised of
cylinders with various HA concentrations.

Micro-tomography

To serve as a reference for trabecular structure
indices, high-resolution micro-tomography (lCT)
images were acquired for each sample using a desktop
in vitro lCT system (lCT-40, Scanco Medical AG,
Bassersdorf, Switzerland). This device consists of a
micro-focus X-ray source that produces a narrow an-
gle cone beam incident upon a 2048 · 64 element CCD
detector. A previous generation of this scanner has
been described in detail.25 Using a 70 kVp source po-
tential and 114 mA current, 500 projection images
were collected spanning 180� degrees with each pro-
jection sampled for 250 ms. The projections were then
reconstructed across a 1024 · 1024 matrix spanning a
16.4 mm FOV and resulting in an isotropic nominal
resolution of 16 lm. Total scan time was approxi-
mately 6 h.

Hybrid Analysis

HR-pQCT images were initially evaluated using the
standard clinical evaluation protocol, adapted from
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methods developed for a previous pQCT device.14,16 In
this scenario, BV/TV is derived from the volumetric
BMD of the trabecular ROI (vBMDtrab) and making
the assumption that compact bone has a matrix min-
eral density of 1200 mg HA/cm3 while the marrow
background is equivalent to 0 mg HA/cm3. Extraction
of the trabecular structure is performed as follows: A
Laplace–Hamming filter—which effectively smoothes
the image and enhances edges—is applied to the ori-
ginal grayscale data. Second, the smoothed image is
normalized to a fixed intensity value. Finally, a fixed
global threshold (40% of the positive integer space) is
applied to discritize the bone and background
phases.17 From the binary image, Tb.N* is measured
using direct 3D methods.9 Based on the densitometric
BV/TV and direct Tb.N*, Tb.Th, and Tb.Sp are de-
rived using traditional plate model assumptions.21 This
method will subsequently be referred to as the ‘‘hy-
brid’’ method.

Direct Analysis

All image datasets (HR-pQCT and lCT) were
evaluated using direct 3D methods. Direct analysis for
HR-pQCT images was performed based on both global
(taken as the structure extraction from the hybrid
method) and local threshold methods. The segmenta-
tion from the hybrid analysis was used for direct-global
calculations. Prior to application of the local threshold
routine, the grayscale values were smoothed with a
Gaussian filter (r = 0.5, kernel = 3) and then trun-
cated to a maximum intensity equivalent to
950 mg HA/cm3. Local threshold parameters Thigh and
Tlow were determined automatically for each sample
based on the histogram of the NMS gradient magni-
tude image. A simple Gaussian curve was fit to the high
intensity peak (representing the true edges) in the bi-
modal histogram. Thigh was defined as the mean of the
Gaussian fit, while Tlow was defined as 1.5 standard
deviations below the mean. A fixed global threshold
(visually selected as 25% of the positive integer space)
was used to segment the bone phase for all lCT images.

Based on these segmentations, BV/TV was deter-
mined by simple voxel counting of the bone and
background phases. Mean trabecular dimensions
(Tb.Th*, Tb.N*, and Tb.Sp*) and the corresponding
standard deviations parameters (Tb.Th.SD*, Tb.(1/
N).SD*, and Tb.Sp.SD*) were calculated directly using
a model-independent sphere filling technique.9 Degree
of anisotropy (DA) was calculated as the ratio of major
and minor principal components of the MIL ellipsoid.7

Connectivity density (ConnD) was calculated based on
the Euler number.20 Finally, structure model index
(SMI), a measure of surface convexity, was calculated
from a triangulated surface representation of the 3D

binary data.10 Results based on this method will sub-
sequently be referred to as the ‘‘direct-global’’ and
‘‘direct-local’’ methods for HR-pQCT and simply as
the ‘‘direct’’ method for lCT.

Statistics

Regression analysis was performed to compare all
HR-pQCT methods against indices measured by direct
methods based on the lCT images. The R2 values as
well as the linear equations relating HR-pQCT derived
indices to the reference lCT indices were calculated.
Additionally, significant differences between HR-
pQCT and lCT measures were determined by a paired
t-test.

RESULTS

Independent, direct measures of trabecular bone
structure based on the presented local threshold algo-
rithm generally performed equivalent to, or better
than, hybrid methods that rely on densitometric and
structure model assumptions. The intermediate steps in
the local threshold algorithm are presented in Fig. 2
for a representative femoral core sample. The image
output for the global and local threshold methods are
shown in Fig. 3, including the grayscale lCT, grayscale
HR-pQCT, and binarized HR-pQCT images seg-
mented by global and local threshold schemes. In
general, the local threshold method visually appeared
to better represent the trabecular thickness compared
to the global extraction, which appeared to overesti-
mate thickness. At the same time the local threshold
result appeared to mostly retain connectedness of the
trabecular elements.

The absolute mean and standard deviation values
for all parameters calculated by direct, hybrid, direct-
global, and direct-local methods is presented in
Table 1. HR-pQCT results that were significantly dif-
ferent (p < 0.05) from the corresponding lCT derived
result are denoted (*). The regression analysis for the
standard metric parameters is presented in Fig. 4. All
standard HR-pQCT derived indices were found to
perform well against the lCT gold standard with
R2 > 0.85 (p < 0.0001) with the exception of Tb.N*
calculated from the direct-global segmentation which
was moderately well correlated (R2 = 0.70, p < 0.01).
The distribution parameters (Tb.Th.SD*, Tb.(1/
N).SD*, and Tb.Sp.SD*) performed less reliably
(R2 = 0.47–0.78) while non-metric indices had mixed
results. Connectivity density was found to perform
particularly poorly (R2 0.43 for direct-global and
R2 = 0.48 for direct-local, p < 0.05 for both) while
SMI and DA performed well for global and local
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methods (R2 = 0.78, 0.90 and R2 = 0.92, 0.86,
respectively, with p < 0.001 for direct-global SMI and
p < 0.0001 for the rest). The distribution and non-
metric parameters are presented in Fig. 5.

DISCUSSION

In this study an improved method for structure
extraction has been developed and applied to images of

trabecular bone acquired with a new in vivo
micro-tomography system designed to image distal
extremities in humans. Using high-resolution micro-
tomography as a gold standard, this local, adaptive
method was evaluated against the current method that
relies on a global threshold, density assumptions, and
derived indices for bone volume and trabecular
dimensions. As a tool targeted for longitudinal assess-
ment of bone microstructure, HR-pQCT-based analy-
ses should ideally be independent of bone material
properties that may be affected under experimental
conditions such as therapeutic intervention and path-
ological progression. In the proposed method, a gra-
dient-based edge detection technique is used to extract
the trabecular structure irrespective of the absolute
image intensity values, and used to directly quantify
bone volume, structure metrics, and non-metric indices.

Trabecular bone cores from the proximal femur
were selected for this study because they were conve-
niently available from routine hip replacement proce-
dures performed onsite. While this is not an anatomic
site used for clinical HR-pQCT examinations, the
range of values for most parameters overlapped with
typical values for the distal radius and distal tibia.
Critically, the mean Tb.Th* for the femur samples, as
determined by lCT, was approximately the same as
distal tibia and radius values reported in the litera-
ture.12,18 While the correlations for BV/TV were strong
for all analysis methods, densitometrically derived BV/
TV—based on an assumed compact bone density of
1200 mg HA/cm3—resulted in a significant underesti-
mation relative to the lCT gold standard (slope =
1.12). On the other hand, direct calculation of bone
volume based on the global threshold segmentation

FIGURE 2. Representative images for steps in the local threshold process. (a) Original attenuation map, (b) ceiling step, (c) Sobel
gradient magnitude, (d) non-maximal suppression, (e) binary edge map, (f) edge attenuation map, (g) local threshold map, and (h)
edge inclusion map (black = excluded edge pixels, white = included edge pixels).

FIGURE 3. Representative 2D image for: (a) original HR-
pQCT attenuation map, (b) HR-pQCT segmented with local
threshold method, (c) HR-pQCT segmented by global thresh-
old method, and (d) binary lCT image of corresponding slice.
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significantly overestimated BV/TV. The direct-local
method yielded the most accurate absolute values,
which were modestly overestimated. Similarly, Tb.Th
was significantly underestimated when derived in the
hybrid analysis scheme, and significantly overesti-
mated when measured directly based on a global
threshold. The direct-local method yielded optimal
intermediate results that were somewhat overesti-
mated. Previous bone morphometry studies have
consistently found that Tb.N is most accurately
determined using limited resolution modalities.13,16,18

Surprisingly, Tb.N* performed least well in this study

among the standard trabecular metrics (R2 = 0.70 for
global, R2 = 0.85 for local). Finally, the direct-local
method yielded the strongest correlation to, and most
accurately measured (as per the regression slope and
intercept) lCT derived Tb.Sp.

The standard deviation trabecular dimension
parameters, which quantify the degree of structural
heterogeneity and have previously been shown to be
potential predictors of fracture risk,15 were moderately
well correlated to direct lCT values, though not as
strongly as previously reported in a study using high-
resolution MRI.13 The slope and intercept of the

TABLE 1. Mean and standard deviation of trabecular indices.

Parameter lCT (direct) HR-pQCT (hybrid) HR-pQCT (direct-global) HR-pQCT (direct-local)

BV/TV 0.26 ± 0.13 0.26 ± 0.12 0.39 ± 0.15* 0.32 ± 0.14*

Tb.N 1.70 ± 0.49 1.78 ± 0.32* 1.78 ± 0.32* 1.87 ± 0.46*

Tb.Th 0.18 ± 0.05 0.14 ± 0.05* 0.25 ± 0.05 0.20 ± 0.04*

Tb.Sp 0.60 ± 0.15 0.44 ± 0.15* 0.50 ± 0.15* 0.54 ± 0.16*

Tb.(1/N).SD 0.24 ± 0.04 0.21 ± 0.06 0.21 ± 0.06 0.24 ± 0.06

Tb.Th.SD 0.07 ± 0.01 – 0.09 ± 0.02* 0.06 ± 0.02*

Tb.Sp.SD 0.22 ± 0.04 – 0.21 ± 0.06 0.23 ± 0.06

ConnD 9.11 ± 5.44 – 3.06 ± 0.95* 4.23 ± 1.85*

SMI 0.64 ± 1.18 – 0.23 ± 2.36 0.48 ± 1.52

DA 1.65 ± 0.27 – 1.57 ± 0.30* 1.50 ± 0.25*

*Indicates HR-pQCT results that are significantly different from the direct lCT values (p < 0.05).

FIGURE 4. Plots for hybrid, direct-global, and direct-local HR-pQCT calculations compared against direct lCT methods for BV/TV,
Tb.Th, Tb.N, and Tb.Sp. Regression analysis R2, slopes, and intercepts are given for each method and parameter. All correlations
were statistically significant (**p < 0.01, ****p < 0.0001).
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regression equations were comparable between meth-
ods; the intercepts were relatively large and the slopes
were somewhat low. The coefficient of determination
was somewhat lower for Tb.Sp.SD* and Tb.(1/N).SD*
using the direct-local analysis, while Tb.Th.SD* was
substantially higher (R2 = 0.67 vs. R2 = 0.47).

Structure model index (SMI) performed moderately
well, particularly when using the local threshold seg-
mentation (R2 = 0.78 for direct-global method,
R2 = 0.92 for direct-local method). In contrast,
MacNeil and Boyd found a much lower correlation for
SMI in the human distal radius.18 This is likely due to
the dramatic difference in structure types between
these sites. While the ultra-distal radius is predomi-
nantly comprised of rod-like elements, trabecular bone
from the proximal femur can span a much wider range
of structure types, as seen here and elsewhere.8 The
tibia, like the proximal femur, tends toward a more
mixed and plate-like architecture,5,12 and therefore
may be better represented by these results. The nega-
tive SMI values are characteristic of higher-density
bone architectures and indicate a prevalence of con-
cave surfaces (fenestrations or tubular pore spaces).
ConnD performed poorly for both methods, and in
general was underestimated by a factor of 2 for the
direct-local method and 3 for the direct-global method.
This observation is also considerably different from
what MacNeil and Boyd found in the distal radius18

where samples with a much lower ConnD (2 ± 1)

correlated very strongly to lCT derived values
(R2 = 0.91). DA performed equally well using the
global and local threshold methods (R2 = 0.90 vs.
R2 = 0.86 respectively). Collectively, these results and
the related literature indicate that the accuracy of HR-
pQCT analysis methods exhibit a strong site depen-
dence. As a result, this study may provide a better
indication of how these methods perform with respect
to clinical evaluation of the distal tibia more so than
the distal radius. Further evaluation of these site
dependent effects should be considered in the future.

Since human trabecular bone from the distal radius
and tibia has a mean thickness approximately equiva-
lent to 2 voxels at HR-pQCT resolutions (82 lm),
partial volume components comprise a significant
fraction of the total bone volume. As a result, seg-
mentation of the trabecular microstructure, for the
purposes of quantification, is a challenging process.
The manufacturer�s method, which has been validated
in cross-sectional normal specimen studies,16,18 relies in
part on plate model assumptions and an assumed
compact tissue density. In this hybrid analysis ap-
proach, only Tb.N* is measured directly. For this
reason, the segmentation is optimized to preserve all
trabeculae, while not artificially closing small pore
spaces or including noise voxels as trabeculae. Repre-
sentation of the trabecular thickness and separation is
not important in this scenario, therefore a relatively
low global threshold is used which assigns a substantial

FIGURE 5. Plots for hybrid, direct-global, and direct-local HR-pQCT calculations compared against direct lCT methods for
Tb.Th.SD, Tb.(1/N).SD, Tb.Sp.SD, SMI, ConnD, and DA. Regression analysis R2, slopes, and intercepts are given for each method
and parameter. All correlations were statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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portion of partial volume voxels to the bone phase
rather than marrow. Since direct assessment of Tb.N*
does not rely on an accurate depiction of the trabecular
thickness, this is sufficient, and instead Tb.Th and
Tb.Sp are derived from Tb.N* and the densitometric
BV/TV using plate model relations.

It is not clear how changes in matrix level mineral
density could impact results based on the hybrid
structure analysis. Using microradiography, Boivin
and colleagues observed a difference of 11.4% in the
tissue-level mineral density of iliac crest biopsies in
alendronate treated patients (3 years) compared to
matched placebo controls.1 While this would clearly be
expected to bias derived BV/TV measures, it could also
impact the Tb.N* which relies on a fixed global
threshold. These observations provided the motivation
for developing local, adaptive segmentation methods
that would permit direct calculation of trabecular
dimensions and volume, independent of densitometric
assumptions and spatial or temporal variability in
trabecular mineralization.

A novel aspect of the algorithm presented here is an
inclusion criterion for edge pixels. Again, due to reso-
lution limitations for in vivo HR-pQCT, the fraction of
bone pixels that also represent the bone-marrow edge is
substantial compared to ex vivo micro-tomography
where an average trabecula might span 10 pixels in
diameter. The criterion,which considers the similarity of
a given edge pixel to its neighbor pixels along the direc-
tion of the intensity gradient, effectively tests the prob-
ability that the pixel is primarily comprised of bone or
marrow. Compared to complete exclusion or inclusion
of edge pixels, using the proposed inclusion criterion
yielded substantially improved coefficients of determi-
nation and regression equations (data not shown).

Segmentation of the bone-marrow edge by hystere-
sis thresholding of the NMS gradient map requires two
input parameters: (1) a high threshold to identify all
strong edge components, and (2) a lower threshold to
capture the contiguous weak edge components. For the
purposes of this study these parameters were calculated
automatically from the NMS gradient histogram,
which was approximately bimodal. The large peak at
the lower end of the gradient spectrum represents
texture in the image background while the smaller peak
for higher gradient voxels represents the true bone-
marrow edge. The latter was fit with a Gaussian
function from which the mean and standard deviation
were used to define the hysteresis thresholds. While this
method was sufficient here to demonstrate the utility of
the presented local threshold algorithm, a full param-
eter study would be necessary for optimal in vivo per-
formance where patient motion, increased beam
hardening, lower SNR, and dose limitations limit
contrast and resolution.

An additional advantage to the presented local,
adaptive approach is that cortical and trabecular
compartments can be accurately extracted in a single
threshold step. The traditional approach accomplishes
this in two steps. The cortex is segmented by applying a
strong Gaussian blurring filter (r = 1.5, kernel = 7)
to wash out the trabecular structure, followed by a
fixed threshold. This again assumes a fixed compact
bone density. Furthermore, it often eliminates thin
cortical components in the ultra-distal radius and
macro-porosity. As described earlier, the trabecular
bone segmentation relies on a different fixed threshold.
The independent segmentation of the trabecular bone
and cortex may lead to significant discontinuities be-
tween these compartments which in turn would be
expected to have a dramatic impact on apparent
strength measures determined by micro-finite element
analysis.18,22,23,28. Alternatively, models constructed
using the global threshold of the hybrid analysis
(which is optimized for extraction of the trabecular
bone compartment) would be expected to overestimate
cortical mass. This scenario would also affect apparent
mechanical properties24 and specifically misrepresent
load sharing between cortical and trabecular com-
partments.26 While a more detailed evaluation of these
variables, as they relate to the accurate construction of
mechanical models, is necessary, the local adaptive
segmentation method presented here may provide a
useful approach to the segmentation problem for HR-
pQCT-based finite element analysis.

In summary, a new local, adaptive threshold method
was developed that performed equivalent, and in some
cases superior to a simple global threshold segmentation
applied to HR-pQCT images of trabecular bone. Anal-
yses independent of densitometric and model assump-
tions would be important for unbiased longitudinal
assessment of skeletal effects due to therapeutic inter-
vention or pathological progression. As a more com-
plicated image-processing scheme, additional variables
come into play which require more extensive validation
for application to true in vivo scenarios. Furthermore,
such optimizations should be independently evaluated
for microstructural and mechanical analyses. Finally,
this method is potentially applicable to other modalities
for high-resolution imaging of porous materials,
including micro-tomography and magnetic resonance
imaging (MRI) where global thresholds are still the
common method for segmentation.
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